Introduction {#section1-1545968315585356}
============

Cortical lesions, such as those that occur following stroke, trigger plasticity in distant regions of the brain.^[@bibr1-1545968315585356],[@bibr2-1545968315585356]^ A key factor that appears to affect motor function and plasticity is the size of the lesion. The relationship between lesion size and the reorganization of motor representations in the ipsilesional cortex was well established in a series of experiments conducted in monkeys.^[@bibr3-1545968315585356],[@bibr4-1545968315585356]^ In each animal, lesions were made to selectively target different proportions of cortical gray matter in the hand area of M1. After recovery, there was a reorganization of the hand representation in the ventral premotor cortex (PMv), and the cortical area evoking movements of the paretic hand in the PMv was proportional to the size of injury.

Several studies also support the idea that there is a relationship between lesion size and contralesional plasticity. For example, in the days following middle cerebral artery occlusions (MCAos) in rats, there is shift of activation toward the contralesional hemisphere and atypically high hemodynamic activity in M1 and the primary somatosensory cortex.^[@bibr5-1545968315585356]^ The increase in contralesional activity is greater in animals with larger lesions. Many neuroanatomical changes are also observed in the contralesional hemisphere after brain injuries, and they too are greater in animals with larger lesions.^[@bibr6-1545968315585356],[@bibr7-1545968315585356]^ The size of lesion may also affect the role of the contralesional hemisphere in the recovery of the paretic limb. Reversible inhibition of the contralesional hemisphere induces more profound motor impairments with the paretic forelimb in rats that recovered from large lesions than in those that recovered from small lesions.^[@bibr8-1545968315585356]^ Along the same lines in humans, a treatment based on contralesional inhibition that improves the control of the paretic arm for mildly impaired patients with relatively small damage can have detrimental effects for patients with greater deficits and more extensive damage.^[@bibr9-1545968315585356]^

Whereas there is extensive support for contralesional plasticity, it is not quite clear in which area of the motor network these changes are more pronounced. Human stroke studies show atypical patterns of hemodynamic activity in the contralesional M1 but also in premotor areas, with much disparity about the site with the greatest changes across studies.^[@bibr10-1545968315585356][@bibr11-1545968315585356]-[@bibr12-1545968315585356]^ We currently have a limited understanding of how hemodynamic changes are related to the organization of movement representations in the contralesional hemisphere. It would, thus, be interesting to understand better the effect of lesion size on the organization of motor representations in the contralesional cortex and how changes in the contralesional hemisphere relate to changes in the ipsilesional hemisphere.

To provide insights into these questions, we used a rat model of cortical injury. One strength of this model, in comparison to clinical populations that typically have lesions of various sizes and locations, is that it enabled us to specifically target the cortical territory involved in the forelimb movements in M1 (the caudal forelimb area \[CFA\]) and to vary the lesion size in different animals. Following spontaneous recovery, we studied how lesion size affected motor representations in the CFA and the rostral forelimb area (RFA)---the putative premotor area in rats^[@bibr13-1545968315585356][@bibr14-1545968315585356][@bibr15-1545968315585356]-[@bibr16-1545968315585356]^---of the ipsilesional and contralesional hemispheres.

Methods {#section2-1545968315585356}
=======

Our experimental protocol followed the guidelines of the Canadian Council on Animal Care and was approved by the Comité de Déontologie de l'Expérimentation sur les Animaux of the Université de Montréal.

A total of 25 Sprague-Dawley rats of approximately 3 months of age were used (250-300 g; Charles River Laboratories, QC, Canada). All animals were housed singly. They were randomly assigned to a control group (n = 5) or to 2 groups with cortical lesions. To study lesions of variable sizes, we constituted 1 group with lesions induced with 6 (n = 10) and 1 group with 12 (n = 10) cortical injections of the vasoconstrictor endothelin-1 (ET-1; see below).

The motor performance of animals with ischemic lesions was quantified with the Montoya Staircase task.^[@bibr17-1545968315585356]^ The performance score is based on the number of food pellets animals can successfully retrieve from wells on a staircase ([Figure 1A](#fig1-1545968315585356){ref-type="fig"}). Details of our familiarization and behavioral data collection protocols have been previously published.^[@bibr18-1545968315585356]^ Briefly, animals were familiarized for 10 days with the task and food pellets. A baseline performance score was established at the end of this period ([Figure 1C](#fig1-1545968315585356){ref-type="fig"}). Following the lesion, motor performance was evaluated twice in the first week and then once per week for the 3 following weeks. On any given testing day, the performance score of each arm was the average number of eaten pellets of the best 3 trials out of 4. For each trial, rats had 3 minutes to retrieve up to 7 pellets (1 per well). During the familiarization period, to prevent inducing a bias for the use of 1 arm, we alternated which forelimb we tested first. Following the lesion, we tested the paretic hand first to minimize the effect of motivation on the scores obtained with this arm.

![Experimental design: A. Side view of a rat performing the behavioral task in the Montoya staircase box. For a trial, a single food pellet is placed on each step, and the rat has 3 minutes to retrieve the pellets. Its performance score is based on the number of pellets left at the end of the 3-minute period. B. Cartoon showing the location of the different motor representations in the 2 hemispheres and the nonparetic and paretic forelimbs in relation to the lesion (gray shadow). The ischemic lesion was induced in the cortex contralateral to the arm with the best performance score. C. Timeline of experimental procedures for animals with cortical lesions. Baseline behavioral performance data were collected prior to the lesion and averaged to create a baseline score. After the lesion, recovery was monitored for 4 weeks. Intracortical microstimulation techniques (ICMS) were used to study the organization of motor areas in a terminal experiment on the 35th day after the lesion. D. To create a range of cortical lesion sizes, we used 2 lesion protocols. Each panel shows ICMS data from a control animal where CFA and RFA are outlined. Small dots on the panels show sites of electrode penetration and ICMS stimulation. The color of the dots indicates the category of the movements evoked at the site. Based on stereotaxic coordinates (numbers and white lines on top and right of each panel), the locations of the 6 (left panel) and 12 (right panel) ET-1 injections used in the 2 lesion protocols are overlaid onto the ICMS data. The protocols were designed so that they both spare the RFA, but lesions induced with 12 ET-1 injections should destroy a greater portion of the CFA. Scale bar = 1 mm.\
Note: Color version of the figure is present with the online March 2016 issue at [www.nnr.sagepub.com](http://www.nnr.sagepub.com).\
Abbreviations: ET-1, endothelin-1; iRFA, ipsilesional RFA; iCFA, ipsilesional CFA; cRFA, contralesional RFA; cCFA, contralesional CFA; L, lateral; R, rostral.](10.1177_1545968315585356-fig1){#fig1-1545968315585356}

The final recovery score of each animal was calculated using the following formula:

$${Recovery\ score} = {Baseline\ performance\ score} - {Performance\ score\ at\ postlesion\ day}28.$$

Accordingly, a recovery score of 0 indicates full recovery, whereas a negative score reveals persistent deficits at the end of the spontaneous recovery period.

Electrophysiological data were collected in a terminal experiment on the 35th day after the lesion. In control animals, electrophysiological data were collected after 5 weeks of being single housed in our facility. Controls did not undergo the familiarization period as this was shown to have no effect on motor maps.^[@bibr19-1545968315585356]^

Lesion Induction Surgery {#section3-1545968315585356}
------------------------

To create cortical gray matter lesions of different sizes, we made different numbers of relatively small cortical ET-1 injections in the CFA in different animals (either 6 or 12 injections). Lesion surgeries were done aseptically. Anesthesia was induced with ketamine hydrochloride (80 mg/kg, intraperitoneal) and sustained with \~2% isoflurane. Lesions targeted the CFA based on stereotaxic coordinates ([Figures 1B](#fig1-1545968315585356){ref-type="fig"} and [1D](#fig1-1545968315585356){ref-type="fig"}). For the animals with 6 ET-1 injections, 6 holes 0.7 mm in diameter were drilled through the skull (stereotaxic coordinates = +1.5, +0.5, −0.5 mm anteroposterior, +2.5, +3.5 mm mediolateral to bregma). In each hole, a syringe (Hamilton Company, NV) was lowered to a depth of −1.5 mm from the surface of the cortex to inject 330 nL of ET-1 (0.3 µg/µL in saline) at a rate of 3 nL/s with a microinjector. For animals with 12 injections, ET-1 was injected in a similar manner in 12 holes (+2.0, +1.0, 0.0, −1.0 mm anteroposterior, +2.0, +3.0, +4.0 mediolateral to bregma). After injections, the holes were sealed with bone wax and the skin sutured. At the end of the procedure all animals received dexamethasone (Vetoquinol; 1 mg/kg), enrofloxacin (Baytril; 10 mg/kg), carprofen (Rimadyl; 10 mg/kg), and buprenorphine (Temgesic; 0.005 mg/kg). The recovery of every animal was closely monitored, and the antibiotic and analgesic medication was continued for 2 days following the lesion induction procedures.

Electrophysiological Mapping Surgery {#section4-1545968315585356}
------------------------------------

The electrophysiological data collection was done 35 days following the lesion, which corresponds to the time when behavioral recovery reaches a plateau in our model.^[@bibr18-1545968315585356]^ Thus, the electrophysiological data should reflect the organization of the motor cortex after most of the spontaneous recovery has occurred.

In a terminal experiment, ICMS techniques were used to derive cortical motor maps of forelimb movements in the CFA and RFA of both hemispheres (interpenetration distance ≈333 µm). A first craniotomy exposed the contralesional hemisphere under isoflurane anesthesia. Anesthesia was switched to ketamine hydrochloride for data collection (\~3-5 mg/kg/10 min; intraperitoneal). A glass insulated tungsten microelectrode (\~1.0 MΩ) was lowered into the cortex to a depth of 1550 to 1600 µm to target layer V. Cortical maps were derived using standard ICMS trains.^[@bibr18-1545968315585356],[@bibr20-1545968315585356]^ A stimulation train consisted of 13 monophasic square pulses (0.2 ms duration; 3.3 ms interpulse interval), and trains were delivered at 1 Hz. At each penetration site, the movement evoked at threshold current intensity (the current at which movements were evoked by 50% of the stimulation trains) was identified and used for subsequent analyses. If no movement was evoked at a maximum current intensity of 100 µA, the site was defined as unresponsive. Following completion of the contralesional motor maps, a second craniotomy exposed the ipsilesional cortex for motor mapping. In some cases, because of complications during the experiment, mapping in the RFA and/or CFA was incomplete. In these cases, the forearm representation that was considered incomplete---that is, that was not entirely surrounded by nonresponsive sites or cortical sites from other representations---was not included in subsequent analyses. Thus, the number of data points for each movement representation is not identical and is specified in the text and figures (see Results).

We analyzed forelimb movements in 2 categories: distal forelimb representation (DFL) and proximal forelimb representation (PFL). Movements of digits, wrist, and forearm (pronation/supination) were included in the DFL, and movements of the elbow and shoulder were included in the PFL.^[@bibr3-1545968315585356],[@bibr13-1545968315585356],[@bibr21-1545968315585356]^ Movements of the neck, trunk, vibrissae, hindlimb, and nonresponsive sites were used to define the borders of the CFA and RFA. The surface area for each movement category was calculated with a custom-made program in Matlab (MathWorks, MA). The algorithm expanded each colored dot on the map to neighboring pixels using nearest-neighbor interpolation until all pixels were assigned a color. The total number of pixels with the same color was scaled to real cortical surface area according to a calibration ruler that was placed on the brain for the digital picture of the cortex.

Histology {#section5-1545968315585356}
---------

On completion of the electrophysiological data collection, animals were killed with a lethal dose of sodium pentobarbital and transcardially perfused. The brain was fixed, cryoprotected,^[@bibr22-1545968315585356]^ and cut coronally (40 µm thickness). One out of 6 sections was Nissl stained and used to determine the lesion size. For each animal, 19 sections (total span from 3.48 mm rostral to 0.6 mm caudal to bregma), extending beyond the lesion both caudally and rostrally, were reconstructed using Neurolucida (MicroBrightField, VT). To limit the potential impact of different factors such as tissue shrinkage caused by the histological processing or by the lesion scar, the lesion size was calculated according to the following formula^[@bibr18-1545968315585356]^:

$${Lesion\ size}(\%) = {Volume\ of\ contralesional\ cortex} - \frac{Volume\ of\ ipsilesional\ cortex}{Volume\ of\ contralesional\ hemisphere} \times 100.$$

Statistical Analyses {#section6-1545968315585356}
--------------------

Values are reported as mean ± standard deviation. Statistical analyses were carried out with SPSS Statistics 19. The effect of the lesion on the behavioral performance was tested with a 1-way repeated-measures ANOVA using time as a factor, with differences being considered significant at *P* \< .05. Post hoc comparisons were conducted with LSD (significant at *P* \< .05) and tested if the average behavioral performance on a given postlesion day was different from the prelesion baseline value. Correlation analyses were conducted with Pearson's correlations. A *t* statistic was used to establish if the correlation was statistically significant (*P* \< .05).

Results {#section7-1545968315585356}
=======

Effective Lesion Volume {#section8-1545968315585356}
-----------------------

Visual inspection of the histological sections confirmed that the ischemic injury destroyed all cortical layers of the sensorimotor cortex ([Figure 2A](#fig2-1545968315585356){ref-type="fig"}). In most animals, the lesion was limited to the cortical gray matter, but 2 rats had clear striatal lesions and were, therefore, excluded from the study. Our lesion protocols resulted in a wide range of lesion volumes (from 3.07 to 22.96 mm^3^, corresponding to 1.98% to 14.55% of the reconstructed hemisphere). [Figure 2B](#fig2-1545968315585356){ref-type="fig"} shows the size of lesions from histological reconstructions for each animal. The effective lesion size values were distributed as a continuum across cases. We concluded from this analysis that animals with ischemic lesions should be considered as a single experimental group that recovered from lesions of various sizes.

![Effective lesion size and behavioral recovery: A. Example of a Nissl stained section of the ipsilesional hemisphere in an animal that recovered from a small (left panel) and a large lesion (right panel). The box shows the location of the high-resolution photograph of the lesion in the inset. Lesions were essentially limited to the cortex and affected all layers of the cortical gray matter. For each animal, we made a histological reconstruction of the brain to quantify the lesion size. The 3D reconstruction of the tissue bloc is shown below the inset. The bloc is viewed from above. The location and extent of the lesion is outlined in black, and the arrow indicates the location of the Nissl-stained section in the reconstructed bloc. The red X shows the location of Bregma. Scale bars = 1 mm. B. Values of effective lesion size for each animal included in the study (n = 18). Lesion sizes are reported as a percentage of the reconstructed contralesional hemisphere. Our lesion protocols resulted in a wide range of cortical lesion sizes. Filled black symbols show animals from 2A. C. Relationship between the size of the lesion and the recovery score of the paretic (left panel) and nonparetic (right panel) forelimbs for individual animals. Only the recovery score of the paretic forelimb was significantly related to the lesion size (\*). Filled black symbols show animals from 2A.\
Note: Color version of the figure is present with the online March 2016 issue at [www.nnr.sagepub.com](http://www.nnr.sagepub.com).\
Abbreviation: R, rostral.](10.1177_1545968315585356-fig2){#fig2-1545968315585356}

Behavioral Recovery and Lesion Size {#section9-1545968315585356}
-----------------------------------

The injury significantly affected the behavioral performance with the nonparetic forelimb (*F* = 9.9; *P* \< .001). The deficits were significant on the fourth day after the lesion (*P* \< .001), but performance recovered to baseline by the seventh day. As expected, the lesions also caused profound behavioral impairments with the paretic forelimb (*F* = 23.7; *P* \< .001). The deficits were significant on the fourth day after the lesion (*P* \< .001). There was improvement with time, but the behavioral performance was still lower than baseline at the end of the recovery period (28th day; *P* = .02). When looking at individual animals, there was a wide range of final recovery scores for both the nonparetic and paretic forelimbs. However, only the recovery score of the paretic forelimb was correlated with the lesion size (*r* = −0.49; *P* = .04; [Figure 2C](#fig2-1545968315585356){ref-type="fig"}). Animals with larger cortical lesions had greater chronic deficits with the paretic forelimb.

Motor Representations in Control Animals {#section10-1545968315585356}
----------------------------------------

[Figures 3A](#fig3-1545968315585356){ref-type="fig"} and [4A](#fig4-1545968315585356){ref-type="fig"} show examples of ICMS data and the generated map of forelimb motor representations in control animals. As described by others, CFA and RFA were typically separated by cortical territory evoking movements of the trunk and vibrissae.^[@bibr13-1545968315585356][@bibr14-1545968315585356]-[@bibr15-1545968315585356]^ CFA was larger than RFA (5.76 ± 0.82 mm^2^ and 1.23 ± 0.19 mm^2^, respectively; n = 5). In the CFA, the area of DFL was 3.83 ± 1.07 mm^2^ and occupied 66.3% ± 15.5% of the total surface area of the CFA. The average area of PFL was 1.92 ± 0.79 mm^2^. In RFA, the area of DFL was 0.87 ± 0.14 mm^2^, which represented 71.1% ± 7.9% of the total surface area of the RFA. The average area of PFL was 0.36 ± 0.13 mm^2^. We used the average area and the 95% confidence interval of the standard deviation for each motor representation to compare the motor representations in animals that recovered from cortical lesions with that of controls (see below).

![Impact of the lesions on the ipsilesional CFA (iCFA): A. Examples of ICMS data in 2 control rats. Each dot shows a stimulation site and the evoked movement (color coded). The CFA and RFA are outlined. B. Examples of ipsilesional ICMS data in 2 rats that recovered from a small (left panel) and large lesion (right panel). In all animals from which we collected ipsilesional data, we found sites that evoked trunk, neck, or face movements between the lesion and RFA, supporting that iRFA was spared by the lesion. The lesion scar is shown with an asterisk. Scale bar = 1 mm. C. Correlation between the size of the lesion and the cortical surface area of DFL (left panel) and PFL (right panel) in the iCFA. The mean surface area value of the control group for each representation is shown with a solid line, and the 95% confidence interval with dashed gray lines. There was a significant negative correlation between the size of the lesion and the PFL in the iCFA (\*). Filled black symbols show the 2 animals from 3B.\
Note: Color version of the figure is present with the online March 2016 issue at [www.nnr.sagepub.com](http://www.nnr.sagepub.com).\
Abbreviations: ICMS, intracortical microstimulation techniques; L, lateral; R, rostral.](10.1177_1545968315585356-fig3){#fig3-1545968315585356}

![Examples of analyzed motor maps: A. Examples of motor maps generated from the ICMS data of 2 control animals. Each small black dot shows the location of an electrode penetration and cortical stimulation. Evoked movements at threshold current intensity are color coded, and CFA and RFA are outlined. Contralesional (B) and ipsilesional (C) motor maps of 3 animals that recovered from cortical lesions of various sizes (5.0%, 12.6%, and 14.6%, from left to right). The approximate location of the lesion scar is shown, but lesion size was determined with histological reconstructions (see [Figure 2](#fig2-1545968315585356){ref-type="fig"}). The red X shows the location of bregma. Scale bars = 1 mm.\
Note: Color version of the figure is present with the online March 2016 issue at [www.nnr.sagepub.com](http://www.nnr.sagepub.com).\
Abbreviations: ICMS, intracortical microstimulation techniques; CFA, caudal forelimb area; RFA, rostral forelimb area; M, medial; R, rostral.](10.1177_1545968315585356-fig4){#fig4-1545968315585356}

Impact of Lesions on the Ipsilesional CFA (iCFA) {#section11-1545968315585356}
------------------------------------------------

We studied the organization of motor areas with ICMS mapping techniques 5 weeks following the ischemic injury. We collected data to calculate the DFL and PFL areas of the iCFA in 14 and 13 rats, respectively. [Figure 3B](#fig3-1545968315585356){ref-type="fig"} shows examples of ipsilesional ICMS data in 2 rats. In most cases, we found some sites in the iCFA that evoked movements of the forelimb, and in all cases, we evoked trunk or vibrissa movements at the rostral border of the lesion scar, supporting the idea that the ipsilesional RFA (iRFA) was spared by the injury. The relationships between movement representations in the iCFA and the size of the lesion are shown in [Figure 3C](#fig3-1545968315585356){ref-type="fig"}. The area of DFL was smaller in animals that recovered from cortical injuries than in controls (\<95% confidence interval on the mean), but there was no relationship between lesion size and DFL. The area of PFL was more variable across animals, and the relationship between lesion size and PFL was significant (*r* = −0.60; *P* = .03). Animals with large lesions had smaller PFL than controls. In animals with small lesions, PFL tended to be bigger than in animals with large lesions, and in some cases, PFL was even bigger than in controls.

Effect of Lesion Size on Spared Motor Areas of the Ipsilesional and Contralesional Hemispheres {#section12-1545968315585356}
----------------------------------------------------------------------------------------------

For DFL, we collected ICMS data in the iRFA from 14 rats and in the contralesional RFA (cRFA) and CFA (cCFA) from 18 rats. For PFL, we obtained data in the iRFA from 12 rats, in the cRFA from 17 rats, and in the cCFA from 13 rats. [Figure 4](#fig4-1545968315585356){ref-type="fig"} shows 3 examples of rats in which we were able to complete ICMS data collection for all forelimb representations in both hemispheres.

We conducted correlation analyses to evaluate the relation between the lesion size and forelimb representations in the iRFA, cRFA, and cCFA ([Figure 5](#fig5-1545968315585356){ref-type="fig"}). For iRFA, animals with small lesions tended to have smaller DFL than animals with large lesions and controls. The relationship between lesion size and the area of DFL in the iRFA was significant (*r* = 0.57; *P* = .03). In contrast, PFL in the iRFA was smaller than controls in most animals and was not related to the size of the lesion. A similar pattern was found for cRFA. Most animals with small lesions had smaller DFL than animals with large lesions and controls. Many animals with large lesions had bigger DFL than controls. The relationship between lesion size and the area of DFL in the cRFA was also significant (*r* = 0.53; *P* = .02). We found no relation between lesion size and the area of PFL in the cRFA. Finally, we found no significant relationship between lesion size and motor representations in the cCFA.

![The effect of lesion size on motor representations. Plots of motor representations in relation to the size of lesion for individual animals. For each row, a cartoon on the right shows the location of the motor representation in the brain. The area of the distal forelimb representation (DFL) and the proximal forelimb representation (PFL) are plotted in the left and right columns, respectively. A. In the ipsilesional RFA (iRFA), there was a significant correlation between the size of the lesion and the DFL. Lesion size did not affect the PFL in the iRFA. B. Similarly, in the contralesional RFA, animals with larger lesions had bigger DFL, but there was no relationship between lesion size and the PFL. C, In the contralesional CFA, DFL and PFL were not affected by the size of the lesion.](10.1177_1545968315585356-fig5){#fig5-1545968315585356}

Relationship Between Motor Representations Across Hemispheres {#section13-1545968315585356}
-------------------------------------------------------------

Apart from the size of the lesion, another factor that could be driving changes of motor representations was the residual forelimb area in the perilesional cortex. We, therefore, conducted correlations to evaluate if the area of DFL or PFL representations in the iCFA was related to the motor representations in the iRFA, cRFA, and cCFA. We found no significant correlations. For example, the area of PFL in the iCFA was not related to the area of DFL in the iRFA (*r* = −0.35; *P* = .24) or in the cRFA (*r* = −0.39; *P* = .21).

Yet another possibility is that with smaller lesions, reorganization in the motor network relies on ipsilesional plasticity and that recovery from increasingly larger lesions would require reorganization of the contralesional hemisphere. If so, there should be a relation between motor representations in the iRFA (ipsilesional plasticity) and in the contralesional cortex. We, therefore, tested if the area of DFL in the iRFA was correlated to motor representations in the contralesional hemisphere. Once again, we found no significant correlations. For example, the area of DFL in the iRFA was not related to the area of DFL in the cRFA (*r* = 0.47; *P* = .10).

It, thus, appears that motor representations in the 2 hemispheres were poorly related to one another. However, there was a similar relation between the size of the lesion and the area of DFL in both the iRFA and cRFA, the premotor areas in the 2 hemispheres.

Interaction Between Motor Representations and Final Recovery {#section14-1545968315585356}
------------------------------------------------------------

Finally, we evaluated the relationship between the recovery score and the area of DFL in the iRFA and cRFA, the 2 representations affected by the size of the lesion. For the nonparetic forelimb, there was no significant correlation between the recovery score and the area of DFL in the iRFA or cRFA ([Figure 6](#fig6-1545968315585356){ref-type="fig"}). For the paretic forelimb, the recovery score was not correlated to the area of DFL in the iRFA. However, there was a significant inverse correlation between the recovery score and the area of DFL in the cRFA (*r* = −0.63; *P* = .005).

![Relation between the distal forelimb representation (DFL) in the ipsilesional and contralesional rostral forelimb areas (iRFA and cRFA) and the final recovery. A. Plot showing the relationship between the size of DFL in the iRFA and the recovery score of the nonparetic forelimb (left panel) and the paretic forelimb (right panel) for each rat (n = 14). There was no relationship between the size of the DFL area in the iRFA and the functional recovery of the 2 forelimbs. B. Plot showing the relationship between the DFL area in the cRFA and the recovery score of the 2 forelimbs (n = 18). No relationship was found between the cRFA and the recovery of the nonparetic forelimb (left panel). However, there was a significant relationship between the DFL area in the cRFA and the recovery score of the paretic forelimb (right panel). Rats with greater chronic deficits with the paretic forelimb (lower recovery scores) had bigger DFL in the cRFA.](10.1177_1545968315585356-fig6){#fig6-1545968315585356}

Discussion {#section15-1545968315585356}
==========

Our objective was to study the effect of lesion size on the organization of motor representations in the ipsilesional and contralesional hemispheres. We took advantage of a rat model in which we specifically targeted the cortex in the CFA---the primary motor cortex in rats---and induced a wide range of lesions sizes confirmed in postmortem histological reconstructions. At the chronic state of recovery, we used invasive cortical mapping techniques to study in detail the organization of the CFA and RFA (the putative premotor area) in both the ipsilesional and contralesional hemispheres. We found that larger lesions induced greater deficits of the paretic forelimb. Lesion size was correlated with the area of DFL in both the iRFA and cRFA, but only DFL in the cRFA was correlated to recovery of the paretic forelimb. Our data support the idea that lesion size has comparable effects on motor representations in the 2 hemispheres and suggest that the contralesional premotor cortex may play a greater role in the recovery of the paretic forelimb following large lesions.

The Effect of Lesion Size on the Reorganization of Ipsilesional Motor Maps {#section16-1545968315585356}
--------------------------------------------------------------------------

In the perilesional cortex (iCFA), the area of DFL was smaller than in controls, and animals with small lesions tended to have a bigger PFL area than controls. These results are comparable to the ones described in squirrel monkeys after small cortical lesions in the hand representation of M1.^[@bibr23-1545968315585356]^ Following spontaneous recovery, there is a reduction of the digit representation and an increase of the proximal representation in the perilesional cortex. In macaque monkeys, after recovery from lesions in the hand representation of M1, many cortical sites in the perilesional cortex evoking digit movements prior to the lesion become nonresponsive or are replaced by more proximal muscle territories after recovery.^[@bibr24-1545968315585356]^ It is possible that the lack of reemergence of hand movement in the perilesional cortex reflects suboptimal plasticity in spontaneously recovering animals that can be reversed by rehabilitative therapy.^[@bibr25-1545968315585356]^

In the iRFA, we found that the area of DFL correlated with the size of the lesion. Animals with small lesions tended to have smaller DFL than controls and animals with large lesions. Once again, these results are much in line with previous studies in monkeys.^[@bibr3-1545968315585356],[@bibr4-1545968315585356]^ Following recovery from small lesions in M1, there is a decrease of the hand representation in the ipsilesional PMv, and large M1 lesions result in an increase of the hand representation in the PMv. However, in contrast to rats, monkeys have several premotor areas^[@bibr26-1545968315585356]^ that may be undergoing changes simultaneously after a lesion to contribute to motor recovery. Lesions in M1 also trigger cortical reorganization of the supplementary motor area,^[@bibr27-1545968315585356]^ and physiological reorganization in premotor areas of monkeys is associated with cortical rewiring^[@bibr28-1545968315585356]^ and changes of their corticospinal projections.^[@bibr29-1545968315585356]^

In monkeys that spontaneously recover from M1 lesions, reversible inactivation of premotor areas induces motor deficits that are much more profound that what is observed in intact animals.^[@bibr30-1545968315585356],[@bibr31-1545968315585356]^ Similarly, in humans, disrupting the activity in the ipsilesional dorsal premotor cortex with transcranial magnetic stimulation induces greater deficits with the paretic limb in well-recovered chronic stroke patients than in controls.^[@bibr32-1545968315585356]^ These data support the idea that plasticity in the ipsilesional premotor areas allows these areas to vicariously take over functions that were lost as a result of the lesion. Based on studies such as these, novel treatments are being developed to specifically engage the premotor cortex after stroke, and they have been shown to improve function.^[@bibr33-1545968315585356]^

The results from the present study show that cortical lesions in rats induce changes of ipsilesional motor representations that have many similarities to monkeys and humans. Spontaneously recovering rats have small hand representations in the iCFA, and much like in a premotor area, the hand representation in the iRFA increases as a function of lesion size. Thus, whereas rats have a less complex motor network than primates, motor recovery appears to be supported by comparable reorganization of the ipsilesional motor network in the 2 species.

The Effect of Lesion Size on the Reorganization of Contralesional Motor Maps {#section17-1545968315585356}
----------------------------------------------------------------------------

We found a significant relationship between lesion size and the area of DFL in the cRFA. However, there was no relationship between motor representations in the 2 hemispheres. It, thus, seems that lesion size, but not organization of ipsilesional motor areas, drives plasticity of motor representation in the contralesional hemisphere.

To date, the few studies that looked at the organization of cortical motor maps in the contralesional hemisphere have found no effect of lesion.^[@bibr19-1545968315585356],[@bibr34-1545968315585356],[@bibr35-1545968315585356]^ The failure to identify changes in the cRFA in these studies may be explained by the restricted range of lesion sizes or by lesion location.

For example, following recovery from lesions induced with 8 microinjections of ET-1, ICMS mapping revealed no difference between the cRFA of recovered animals and controls.^[@bibr19-1545968315585356]^ The relationship that we found between lesion size and motor representations in the cRFA somewhat predicts this result ([Figure 5](#fig5-1545968315585356){ref-type="fig"}). The size of lesions resulting from 8 ET-1 injections should be in the middle of the range we obtained with 6 and 12 ET-1 injections. Following these midsize lesions, the DFL area in the cRFA is expected to fall within the 95% confidence interval of controls.

In another study, motor mapping was conducted in the contralesional hemisphere following recovery from MCAo.^[@bibr34-1545968315585356]^ Lesions resulting from MCAos in that study were likely larger than the ones we obtained with 12 ET-1 injections. However, MCAo lesions in rodents typically spare the motor cortex.^[@bibr36-1545968315585356]^ Thus, the difference in lesion location in animals with MCAos could explain the absence of reorganization of motor areas in the contralesional hemisphere in this study.

The reorganization of the cRFA in rats can be associated with the atypical activation of the contralesional premotor cortex following stroke.^[@bibr11-1545968315585356],[@bibr12-1545968315585356],[@bibr37-1545968315585356]^ Abnormal contralesional premotor activity after stroke correlates with decreased corticospinal tract integrity, suggesting that patients with more affected corticospinal outputs are more likely to recruit the contralesional premotor cortex to perform more demanding tasks.^[@bibr38-1545968315585356]^ In light of our results, it appears that the organization of the cRFA, the putative premotor cortex in rats^[@bibr16-1545968315585356]^ is more sensitive to lesions in the opposite hemisphere than the cCFA. It is tempting to propose that following larger lesions, the premotor cortex may be more involved in recovery of the paretic limb, positively or negatively.

The Relation Between Motor Representations in the Contralesional Hemisphere and Recovery {#section18-1545968315585356}
----------------------------------------------------------------------------------------

The relation between reorganization in the contralesional hemisphere and recovery has been and still is a topic of debate. There is evidence in the literature that reorganization of the contralesional hemisphere can interfere with recovery of the paretic limb, support it, or favor motor learning with the nonparetic limb.^[@bibr11-1545968315585356],[@bibr39-1545968315585356],[@bibr40-1545968315585356]^

In the present study, rats with poorer recovery had larger DFL in the cRFA. Similarly, in humans, atypical activity in the contralesional hemisphere is more frequent in patients with poor recovery.^[@bibr41-1545968315585356],[@bibr42-1545968315585356]^ Studies in humans showing that inhibition of this hemisphere after stroke can favor recovery of the paretic limb support the idea that at least part of the contralesional activity can have a negative effect.^[@bibr43-1545968315585356][@bibr44-1545968315585356]-[@bibr45-1545968315585356]^ In rats, we also found that pharmacological inactivation of the cCFA can improve recovery of the paretic forearm.^[@bibr18-1545968315585356]^ Interestingly, none of the studies using contralesional inhibition as a treatment to improve recovery in animals or humans has specifically targeted the premotor cortex. It is possible that contralesional inactivation of the cRFA would be more effective to improve recovery than inactivation of the cCFA. Likewise in humans, inhibition of the contralesional premotor cortex may have better outcomes than inhibition of M1.

Studies in which the activity in contralesional premotor areas is disturbed to evaluate their contribution to movements of the paretic arm show that they can both contribute^[@bibr37-1545968315585356],[@bibr38-1545968315585356]^ or not be involved in the recovery of the paretic forelimb.^[@bibr31-1545968315585356],[@bibr32-1545968315585356]^ To date, none of these studies has systematically investigated the role of contralesional motor areas in function of the size of lesions restricted to M1. One possibility is that lesions of various sizes may lead to different changes in contralesional premotor areas, allowing them to contribute differently to recovery. Supporting this hypothesis, in rats that recovered from large MCAo lesions, reversible inhibition of the contralesional cortex induced greater deficits in the paretic limb than in control rats or animals that recovered from small lesions.^[@bibr8-1545968315585356]^ In humans, inhibition of the contralesional cortex can also be detrimental to the paretic arm function following large lesions.^[@bibr9-1545968315585356]^ In the present study, the relation we found between motor representations in the cRFA and lesion size could suggest that cRFA only contributes to recovery of the paretic forelimb following large lesions.

Finally, rats that suffered a cortical lesion are better at learning novel tasks with the nonparetic limb.^[@bibr46-1545968315585356]^ Even though we found no correlation between cRFA and the function of the nonparetic forelimb, our data do not exclude the possibility that changes in the cRFA support learning of compensatory behavior of the nonparetic forelimb. However, in intact rats, motor training affects the organization of the CFA but not the RFA.^[@bibr13-1545968315585356]^ Thus, if changes in motor maps of the contralesional hemisphere strictly support learning of the nonimpaired forelimb, our results suggest that after a lesion, motor learning is achieved through very different mechanisms that preferentially involve the RFA over the CFA.
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